The effect of pore size and uniformity on the response of nanoporous alumina, formed on aluminum thick films through an anodization process, to ammonia and humidity at room temperature is reported. Pore sizes examined range from 13 nm to 48 nm, with pore size standard deviations ranging from 2.6 nm to 7.8 nm. The response of the material to ammonia and humidity is a strong function of pore size and operating frequency. At 5 kHz an alumina sensor with an average pore size of 13.6 nm, standard deviation 2.6 nm, exhibits a factor of two change in impedance magnitude as it is cycled between an ammonia and argon environment. At 5 kHz the same sensor exhibits a well-behaved change in impedance magnitude of 10 3 over 20% to 90% relative humidity. Cole-Cole plots of the 5 Hz to 13 MHz measured impedance spectra, modeled using equivalent circuits, are used to resolve the effects of adsorption and ion migration.
Introduction
Both humidity and ammonia sensors have attracted considerable attention over many years due to their great importance in applications ranging from monitoring food quality to meteorological studies [1] [2] [3] [4] . Most humidity detection studies have focused on the use of polymer [1, [5] [6] [7] [8] and ceramic materials [3, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] due to their low cost and excellent performance. Ceramic humidity sensors are commercially available, and offer major advantages with high resistance to chemical attack, thermal stability, mechanical strength, and quick response. However ceramic humidity sensors still suffer from insufficient sensitivity over wide humidity ranges, as well as lack of reversibility and drift in base resistance with time due to the chemisorption of water molecules. Our interest is in developing reliable, high performance ceramic materials of large surface area for humidity and gas sensing. Therefore we have revisited the use of nanoporous alumina, a topic of considerable interest since the discovery of its moisture sensitive properties almost fifty years ago [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] .
Ammonia sensors based upon polyaniline [33, 34] , nafion [35] , and polypyrrole-poly(vinyl alcohol) [36] thin film coatings have been reported. It is generally recognized that while polymers can offer a high degree of sensitivity, measurement drift and aging pose serious problems to polymer-based sensors. Earlier investigations on the use of thin-film ceramics for ammonia measurement include a SnO 2 sensor operating at 350°C [37] , Pt and SiO 2 doped SnO 2 sensors operating at 160°C [38] , a Pt doped CdSnO 3 sensor operating at 240°C [39] , and TiO 2 based sensors operating at 300°C [40] . Our interest lies in room temperature sensing of ammonia using ceramic based sensors. As far as the authors are aware, this is the first reported observation of the ability to sense ammonia at room temperature (≈ 23°C) using a ceramic sensor, and the first reported use of Al 2 O 3 for ammonia sensing. The fact we are able to measure ammonia concentrations using Al 2 O 3 at room temperature makes possible a variety of new sensing applications, such as those associated with food safety.
Ceramic sensor operation is based on either electronic or ionic conductivity. The ability of alumina to sense humidity is based upon ionic conduction; the presence of an adsorbed layer of water at the surface reduces the total sensor impedance due to the increase in the ionic conductivity, as well as capacitance due to the high dielectric constant of water. Porous alumina is usually preferred for sensing applications due to the large surface area available for water adsorption. An additional advantage of porosity is that at a particular temperature and relative humidity (RH), water condensation occurs in pores up to r K in radius given by Kelvin's relation [2] 2 ln( / )
P is the water-vapor pressure, Ps the water vapor pressure at saturation, γ the surface tension, R the universal gas constant, T the temperature in Kelvin, and ρ and M are respectively the density and molecular weight of water. Since capillary condensation enhances the sensing capabilities of a material, pore size distribution has been widely considered to be an important parameter in determining the sensitivity in a particular humidity range [32, 41] . As suggested by Shimizu et al [32] , considerable effort has focused on fabricating alumina with containing a wide pore size distribution to realize a humidity sensor capable of operating over a wide range of humidity. However the ability to reproduce a specific wide range of pore size distributions, 0.1 nm to 100 nm as suggested [32] , is at best a difficult task. The results of our study on uniform nanoporous alumina films made through anodization show that an easily built and highly reproducible wide range humidity, and ammonia, sensor can be achieved using nano-dimensional pores of a narrow size distribution. It should be noted that we found the Al 2 O 3 sensors unresponsive to carbon dioxide.
The gas sensing characteristics of a given sensing element depend upon the material used, the method of preparation, and the resulting microstructure. In the present study alumina films were formed by anodizing aluminum thick films protected on the back side by an adhesive layer. The anodization technique used [42] [43] [44] creates self-organized alumina pore arrays from the aluminum starting material. To understand the underlying physical sensing mechanisms we employed impedance spectroscopy [45] to characterize the sensors, a powerful non-destructive technique that represents microscopic physiochemical processes occurring in the material through their electrical equivalent circuits.
Experimental

Sample preparation
Adhesive-backed aluminum tape (99% pure) purchased from Tesa Tape Inc.
[46] was used for anodization. A platinum electrode served as the cathode. The electrodes were separated a distance of 2 cm. Samples SO50, SO30, and DS15 were prepared under the conditions given in Table I . Per sample notation, the first letter denotes a single S or double D step anodization process; the second letter denotes the use of sulfuric S or oxalic O acid in the anodization bath; the two digit number denotes the anodization voltage. It was observed that single step anodization results in disordered pore structures at low voltages. Hence a double step process was used for making sample DS15. These samples were initially anodized using the conditions given in Table I . The samples were then immersed in an aqueous solution containing 1.8 wt% chromic acid and 4 wt% phosphoric acid for 12 hours to remove the initial nanoporous layer while keeping the non-porous bottom layer of alumina intact. The samples were rinsed in distilled water, and again anodized under the same conditions used for the first anodization step.
Immediately after anodization all samples were thoroughly washed in distilled water and then dried in a nitrogen atmosphere at 100°C. The final dimension of the sensor was approximately 2 cm × 2 cm; an interdigital capacitor pattern of dimension 1.2 cm × 1.2 cm was formed on the surface of the alumina films by evaporating gold (thickness ≈ 250 nm) through a mask. A digital camera image of a typical sensor is shown in Figure 1 . 
Experimental set up
Sensing experiments were conducted within a sealed 60 cm 3 Plexiglas chamber. A schematic diagram of the experimental set up is shown in Figure 2 . Mass flow controllers (MFC) were used for controlling and monitoring the flow. For creating the necessary humidity ambient, argon passing through one MFC was bubbled through a bottle containing de-ionized water and then mixed with dry argon coming from another MFC in appropriate ratios before passing through to the test chamber. The total flow was maintained at 500 sccm. Chamber humidity was monitored using the humidity probe of a Keithley 6517A electrometer. For ammonia sensing argon and ammonia were mixed in different ratios while keeping the total flow constant at 500 sccm; the purity of the ammonia gas was 99.99%. Sensor impedance was measured over the frequency range 5 Hz to 13 MHz using a computer controlled Hewlett Packard impedance analyzer (4192A) fitted with a test fixture (Agilent 16034E). A signal amplitude of 90 mV was used for all measurements. Electrical contact was made between the sensor and the impedance analyzer test fixture by 42 gauge 5 cm long jumpers, adhered to the interdigital electrodes using silver paste. The contacts were subsequently annealed at 100°C for two hours to cure the silver paste. All measurements, except where noted, were carried out at room temperature (23°C).
Results and Discussion
Surface morphology
The surface morphology of the anodized alumina samples was studied using a Hitachi S-900 field emission scanning electron microscope (FESEM). Figures 3 through 5 show FESEM images of, respectively, samples SO50, SO30, and DS15 and their corresponding estimates of pore size distribution. Samples SO50, SO30, and DS15 have, respectively, average pore diameters of 45.2 nm, 38.4 nm, 13.6 nm, corresponding standard deviations of 3.4 nm, 7.8 nm, and 2.6 nm. All samples have predominantly ordered pore structures. Figure 6 shows the measured 5 kHz sensor impedance of the different sensors with respect to humidity. Sensor DS15 is sensitive to a wide range of humidity levels, approximately 20% to 90% RH, with an impedance variation of approximately three orders of magnitude. Sensors SO30 and SO50 become sensitive to humidity at relatively high humidity levels, approximately 65 % and 75% RH respectively. It is clear from Figure 6 that smaller pore sizes increase the range of humidity values over which the sensor is responsive, and increases the sensitivity at lower humidity levels. Therefore optimal pore size can be selected for the operating region of interest. RH (%) Figure 6 . Impedance of sensors measured at 5 kHz over different humidity levels.
Humidity Sensing
The effect of measurement frequency on the humidity sensitive regime of the sensors was also investigated. Figure 7 shows the response of sensor DS15 to humidity at different measurement frequencies. It can be seen from the figure that as frequency decreases the width of the sensitive region increases, and the point at which the sensor becomes responsive shifts to lower relative humidity values. For a given pore size, the humidity sensitive region of operation can be selected by frequency tuning. The response time, defined as the time needed to reach 90% of the final signal for a given relative humidity, and recovery time defined as the time taken for the signal to come to within 10% of the initial value, were determined by alternately exposing the sensors to a 2% or 45% RH ambient with impedance measured at 5 kHz. The response time and recovery times corresponding to different pore diameters are shown in Figure 8 , which indicates that the response time decreases with increasing pore size. The minimum response/recovery times were observed for SO50, the sample with the largest pore size. A typical response/recovery graph of sample SO50 is shown in the inset of Figure 8 . It was observed that all sensors were completely reversible, regaining their original impedance values even after repeated exposure to high humidity levels. The impedance spectra of the sensors were taken over a range of humidity levels. The total impedance was resolved into real (Z') and imaginary (Z") parts and Cole-Cole impedance plots constructed. Figures 9 through 11 show, respectively, the Cole-Cole plot of sensors SO50, SO30, and DS15. The two equivalent circuit models shown in Figure 12 were used for fitting the experimental data. The fitting was accomplished using the complex nonlinear least square-fitting program, LEVM, provided by J.R. Macdonald and Solartron Analytical [47] . The dots in the plots represent experimental data, and lines the equivalent circuit model fit. The equivalent circuit, denoted (a) or (b) with reference to Figure 12 , used for fitting is denoted near the corresponding curves in Figures 9-11 . It is clear from the figures that the equivalent circuit models closely fit the experimental data. It may be noted that these equivalent circuit models are different from the empirical model suggested by Falk et al [48] for porous alumina sensors fabricated by anodizing aluminum thin films. In the equivalent circuit models R 1 and R 2 represent two frequency independent resistors in parallel with dispersive frequency dependent capacitors, C n1 (ω) and C n2 (ω) respectively [49] . These non-Debye capacitances can be expressed in a general form as C n (ω) = B n (iω) n-1 where B n is a constant for a given set of experimental conditions and n takes the value between 0 and 1 according to the local microscopic environment through which charge transport takes place [13, 49, 50] . B n behaves as an ideal frequency independent capacitor as n approaches 1, and an ideal conductance when the value of n approaches 0 [45] . The RH values at which the data was collected and the equivalent circuit used for fitting each curve (given as (a) or (b) denoting the circuit of Figure 12a and 12b respectively) are shown adjacent to each curve.
On examining Figure 9 , it can be seen that at low humidity levels the Cole-Cole plot describes an arc having a very large radius of curvature. As humidity increases, the radius reduces and at an RH of about 80% the complete semicircle comes inside the measurable impedance range. However at the same humidity level a spur appears in the low frequency region that distorts the semicircle. The spur, which can be viewed as part of a second semicircle, dominates at higher humidity levels while the semicircle described by the high frequency impedance values diminishes in size. For sensors SO50, SO30 and DS15 the RH at which the high frequency semicircle comes completely within the measurable impedance range is, respectively, ≈ 75%, 65% and 30%; these values roughly match the points of inflection seen in Figure 6 . The RH values at which the data was collected and the equivalent circuit used for fitting each curve (given as (a) or (b) denoting the circuit of Figure 12a and 12b respectively) are shown adjacent to each curve. Figure 12 . Equivalent circuits used for fitting the experimental data. The circuit in (a) was used when only high frequency semicircle was present and that in (b) was used where the low frequency spur co-exists with the high frequency semicircle.
The fundamental mechanism that enables ceramic sensors to sense humidity is the physisorption of water molecules on an initially chemisorbed layer of hydroxyl ions [3, 51] . The chemisorbed hydroxyl ions enhance the electrical conductivity of the sensor either by donating electrons to the conduction band of the base material or through proton hopping between adjacent hydroxyl groups upon application of an electric field. The process of chemisorption occurs at very low humidity levels, and is unaffected by further changes in humidity. However an increase in humidity makes the water molecules physisorb onto this hydroxyl layer. The effectiveness of physisorption depends upon the cation charge complexes (from the material or the impurities), and the hydroxyl ions (water molecules present at the surface of the base material) [43] . The physisorption process is facilitated by higher surface charge densities. During formation of the first physisorbed layer, a water molecule attaches to two neighboring hydroxyl groups through hydrogen double bonds and a proton may be transferred from a hydroxyl group to the water molecule to form an H 3 O + ion.
When the physisorption occurs within less than a mono layer, i.e. when clusters of physisorbed molecules are present at the surface, it is thought H 3 O + diffusion within hydroxyl groups and proton transfer between adjacent water molecules clusters takes place [43] . However Khanna and Nahar [44] [45] [46] refute this theory. They argue that the proton diffusion is less probable in a surface that contains hydroxyl ions and clusters of physisorbed molecules, and hence cannot account for the conductivity of porous alumina at an RH less than 40%, i.e. before the first monolayer is formed. Instead they suggested a phonon-assisted electron tunneling mechanism at low humidity levels in which electron tunneling occurs from one water molecule to another as enhanced by the surface anions of the alumina sensors. At higher humidity levels, the number of physisorbed layers increases allowing each water molecule to be singly bonded to a hydroxyl group, and proton hopping between adjacent water molecules in the continuous water layer takes place. The conduction process is the same as that of pure water and is called Grotthuss chain reaction [43] . The dominant charge carrier in a high humidity environment is therefore the H+ ions (protons). The concentration of H+ increases with increasing humidity and H+ move freely through the water-like layer. As per the theory of Khanna and Nahar [44] , in porous alumina the protons for conduction are donated not only by H 2 O, but also by the Al(OH) 3 formed as a result of water adsorption and the impurity anion incorporated in the film from the electrolyte during anodization [47] [48] [49] . The water-like network consists of singly bonded water molecules which possess a high dielectric constant as they form dipoles and reorient freely under an externally applied electric field. The impedance of the nanoporous alumina sensors contain this capacitive contribution as well.
In porous ceramics, in addition to the above discussed processes, capillary condensation according to Equation (1) also takes place. Capillary condensed water reduces the impedance of the sensor drastically.
On analyzing Figures 9-11 , the high frequency semicircle that diminishes in size with increasing RH arises due to the effect of a physisorbed water layer at the surface. Therefore R 1 in the equivalent circuit of Figure 12 represents the charge transfer resistance through the adsorbed water layer. The effect of electronic conduction through the alumina bulk is parallel to that of the surface conduction affected by the adsorbed water layer. This bulk conduction process is dominant only at extremely low humidity values when there are only a few adsorbed molecules. Hence the incomplete semicircle, or arc, in the low humidity region is partially determined from the base alumina. B n1 represents the capacitance contribution from the adsorbed water layer. The large spurs seen in the low frequency region is a consequence of ion migration in the adsorbed layer towards electrodes [37, 41] . This migration leads to accumulation of ions (space charge formation) at the electrodes. Since the relaxation time of ion migration is larger than the charge transfer process it is seen only at low frequencies. The accumulated ions in the adsorbed water layer give rise to R 2 and B n2 .
From the equivalent circuits given in Figure 12 , it can be seen that the presence of ion accumulation represented by the combination of R 2 and C n2 (ω) increases the overall impedance of the sensor. Hence the reduction in impedance caused at high humidity due to charge transfer process is countered by ion accumulation.
To better understand the fundamental sensing mechanisms, R 1 obtained through the numerical fitting program for the different sensors is plotted in Figure 13 . It can be seen from Figure 13 that R 1 , which is the resistance to charge transport in a static electric field by the material containing an adsorbed water layer in the absence of ion migration, is linear with RH in a semi-log plot. For sensor DS15, R 1 decreases to a few hundred ohms at high RH levels indicating that the observed conductivity is not merely because of the protons provided by the adsorbed water layer. Since de-ionized water and argon gas are used for creating the required humidity environment it is reasonable to assume that the surface of the alumina films contain anions, presumably from the electrolyte used for anodization, that controls conduction through the adsorbed layer [48] .
In light of the above observations we propose the following model to explain the behavior of nanoporous alumina in response to humidity. The anodization process results in a certain amount of electrolyte anions trapped within the pores [44, 47, 48] . Even in a low humidity regime the presence of these anions on the sensor surface provides a high charge density for easy physisorption of water molecules. The result is formation of a liquid-like network within the pores. The impurity anions also act as proton donors by a dissociative mechanism [44] , joining the protons donated by the water molecules. The smaller the pore size the lower the RH level at which the liquid-like network is formed. For samples SO50 and SO30, the liquid network formation occurs only at higher humidity levels. Though Khanna and Nahar suggested [44] a liquid network formation above 40% RH, our studies showed this can occur at humidity levels less than 27%, a consequence of the nano-dimensional pores containing impurity anions. After the formation of the liquid-like network, the ions migrate easily towards the electrode and accumulate there. Although this ion migration is dominated by protons since they are the majority carriers, impurity anions adsorbed on the film surface may also take part in the migration process at low frequencies in a manner similar to impurity ion movement in water.
For small pore size sensors, the first semicircle is highly distorted by the low frequency spur originating with ion migration. A relatively large number of mobile ions might be present in these sensors leading to an enhanced accumulation of protons at the electrode-sample contact. As mentioned earlier, the dipoles in the singly bonded adsorbed water layer are free to rotate in an electric field. Hence in the region close to the electrode-alumina interface, the adsorbed water layer exhibits a net dipolar orientation and, therefore, it does not display its normal dielectric constant [37, 41] . Depending on ion size up to a monolayer of charge can exist at the electrode [37] ; the diffuse (Gouy) layer of counter ions spreads away from this inner (Stern) layer. The number of ions available for forming the Stern and Gouy layers at a particular frequency increases with increasing number of physisorbed layers. Hence as the number of physisorbed layers increases, the Stern and Gouy layers start forming at higher frequencies.
In summary, at high frequencies the charge transfer process dominates the impedance mechanism, which appears as a semicircle in the Cole-Cole plot. At lower frequencies mass transport takes place and its contribution to impedance distorts the semicircle. At very low frequencies the effects of mass transport appear, which results in the spur on the impedance plot, completely dominating the effect of charge transfer processes. The effect of charge transfer in the adsorbed water, which acts to decrease the sensor impedance, competes with ion accumulation which increases the measured impedance.
The response and recovery behavior seen in Figure 8 shows that sensors with smaller pore sizes require longer periods of time for diffusion of the water molecules.
With reference to Figure 7 , the relative humidity level at which the sharp decrease in impedance occurs shifts higher with increasing frequency. This result can be explained using the equivalent circuit shown in Figure 12a , i.e. the circuit in the absence of ion accumulation. At high frequencies the reactive impedance X c of C n1 (ω), equal to X c = 1/jωC n1 (ω), is low and hence impedance is largely determined by R 1 . As humidity increases R 1 decreases, however this translates into a reduction in impedance only at relatively low frequencies where the value of R 1 is comparable to or less than the capacitive reactance of C n1 (ω). As the measurement frequency is reduced the reactance of C n1 (ω) decreases, hence the effect of R 1 becomes more significant at lower humidity levels.
Ammonia Sensing
The response of sensors DS15, SO50, and SO30 to ammonia gas was investigated at a measurement frequency of 5kHz. Argon and ammonia were mixed in different ratios while keeping the total flow constant at 500sccm. Figure 14 shows the response of sensor DS15, impedance magnitude and phase, with changing ammonia concentration, Figure15 DS30, and Figure 16 DS50. After each exposure to ammonia gas the sensor was brought to its original condition by passing 100% argon. The time interval between switching of the argon to argon-ammonia mixture, or vice-versa, was fixed for a particular sensor. The ammonia concentration was increased in discrete steps to 100% and then decreased to 0% in the same manner. The ammonia sensitivity of each sensor is determined using the formula
Z argon is the measured impedance in the presence of pure argon, and Z ammonia the measured impedance in the presence of the argon-ammonia mixture. Maximum sensitivity is achieved with the sensor of minimum pore size, DS15. As seen in Figure 17 increasing pore size reduces ammonia sensitivity. The effect of temperature on ammonia measurement sensitivity was also investigated. As seen in Figure 17 the sensitivity of SO30 is dramatically decreased with an increase in temperature to 40°C; similar results were found for the other sensors. The rapid drop in sensitivity with temperature suggests that the ammonia molecules are loosely bonded to the alumina surface. Hence it appears that physisorption is responsible for the sensing action. It is not clear whether the presence of ammonia simply increases the dielectric constant of the sensor, or whether it also facilitates ionic current conduction through the surface. As discussed earlier, both these factors are responsible for the humidity sensitivity of alumina.
The response times of the sensors for different ammonia concentrations are shown in Figure 18 , with recovery times shown in Figure 19 . Not surprisingly, the response and recovery times are largest for the smallest pore size sensor, DS15, as smaller pores increase the time required for molecules to diffuse into and out of the sensor interior. Response Tim e (sec)
Concentration (%) Figure 19 . Sensor recovery times changing from an ammonia environment to an argon environment.
The response and recovery times of DS15 decrease with increasing ammonia concentration. The results indicate that with increasing ammonia concentration (partial pressure of ammonia) more molecules are pressurized to rapidly reach the pore interior, where they are weakly attached to the alumina surface molecules, or previously adsorbed ammonia molecules. Similarly, with decreasing partial pressure of ammonia the molecules easily break the bonds and diffuse out of the pores. The influence of the pores on the sensitivity of SO30 is considerably less than that seen for DS15; a decrease in response and recovery times can be seen only at high ammonia concentration. For SO50 pore diffusion plays essentially no role in determining sensor behavior, with no reduction in response or recovery times seen even at high ammonia concentrations.
Conclusions
Nanoporous alumina sensors fabricated by anodization of adhesive-backed aluminum tape exhibit pore size and frequency dependent humidity and ammonia sensing characteristics. Sensors over a range of uniform pore size, from approximately 45 nm to 13 nm diameter, were studied. Sensor DS15, with a 13.6 nm pore size, standard deviation ≈ 2.6 nm, exhibited qualities desirable for a high performance humidity sensor. It demonstrated more than three orders of magnitude variation in measured impedance over a RH range of ~20% to ~90%, with a response time of ~95 sec.
The mechanism responsible for the sensing action of the nanoporous alumina sensors was studied by representing the impedance spectra at different humidity levels in Cole-Cole plots. This enables the competing impedance determining processes occurring in the sensors to be identified, namely charge transfer and mass transport through the physisorbed water layer, as dependent upon the humidity level and input signal frequency. Charge transfer was found to enhance the sensitivity by causing a large variation in impedance (evident from the variation of R 1 in Figure 13 ) with respect to humidity. Mass transport leads to accumulation of ions at the electrodes that tends to decrease the measurement sensitivity by increasing the impedance. Hence a proper choice of operating frequency, high enough to avoid ion accumulation, is essential for the optimum sensor performance.
It has been inferred from our results that anions become incorporated into the alumina film during the anodization process, supporting the hypothesis of Khanna and Nahar [44] [45] [46] , where they act as proton donors and facilitate the adsorption of water molecules. Hence liquid-like charge transfer networks are formed at relatively lower humidity levels for the smaller pore sized sensors. This process, rather than capillary condensation, is primarily responsible for the observed humidity sensing behavior of the sensors. Our studies show that a distribution of pore sizes, as suggested by Shimizu et al [32] , is not necessary to obtain sensitive performance over a wide humidity range. As demonstrated herein, such optimal performance can be obtained with uniform nano-dimensional pores containing adsorbed anionic impurities.
The use of alumina for room temperature (23°C) sensing of ammonia is demonstrated, with all sensors showing a completely reversible response upon changing ammonia partial pressures. Higher operating temperatures dramatically reduce sensor sensitivity, indicating that the ammonia molecules are weakly attached to the alumina molecules. The results indicate that physisorption is responsible for the sensing action. Pore sizes of 50 nm or greater do not limit ammonia diffusion, with the response and recovery rates of such sensors independent of ammonia concentrations.
